Twist is a member of the basic helix-loop-helix family of transcription factors. An aberrant Twist expression has been found in diverse types of cancer, including sarcomas, carcinomas and lymphomas, supporting a role for Twist in tumor progression. Twist is known to be essential for mesodermal development. However, since a prolonged Twist expression results in a block of muscle, cartilage and bone differentiation, Twist has to be excluded from somites during late embryogenesis for terminal differentiation to occur. This implies that Twist expression must be target of a tight control. Here we provide evidence that Twist undergoes posttranscriptional regulation. Twist is substrate for cleavage by caspases during apoptosis and its cleavage results in ubiquitin-mediated proteasome degradation. Our findings suggest that Twist post-transcriptional regulation may play an important role in tissue determination and raise the possibility that alterations in the protein turnover may account for Twist overexpression observed in tumors.
Introduction
Twist is a nuclear protein that belongs to the class B of the basic helix-loop-helix (bHLH) family of transcription factors.
Twist, also known as Twist 1, was originally identified in Drosophila as an essential zygotic developmental gene involved in the establishment of dorsoventral polarity and mesoderm development. 1 In mammals, Twist is mostly expressed in cranial neural crest derivatives and in mesenchymal structures [2] [3] [4] [5] and is implicated in the control of differentiation of several mesodermal cell lineages including bone, cartilage, dermis and muscle. 2, [6] [7] [8] [9] [10] In this context, it has been shown that Twist is involved also in adult muscle regeneration. 11 Mutations of the Twist gene are responsible for the Saethre-Chotzen syndrome, an autosomal dominant craniosynostosis characterized by the premature fusion of cranial sutures, skull deformations, limb abnormalities and facial dysmorphisms. [12] [13] [14] [15] [16] These abnormalities are featured also by mice heterozygous for Twist null mutations, while the homozygous null condition is associated with early embryonic lethality due to failure in the closure of cephalic neural tube. 17 Besides its role in the control of cell determination and tissue regeneration, recent evidence suggests an involvement of Twist also in cancer development. In fact, we have recently reported that Twist antagonizes p53-dependent apoptosis and growth arrest and it is overexpressed in human rhabdomyosarcomas. 18 Overexpression of Twist has been subsequently reported in other types of cancer, including invasive lobular breast carcinomas 19 and T-cell lymphomas. 20 A role for Twist in the control of programmed cell death has been further sustained by the finding that Twist overexpression is associated with acquired drug resistance in human cancer cells. 21 Moreover, it has been shown that Twist participates in IGF-1 receptor-mediated protection and modulation of TNF-a-dependent apoptosis. 22, 23 Finally, calvarial osteoblasts of Saethre-Chotzen patients show increased programmed cell death compared to normal individuals, 24 and Twist null mice, just prior to dying, exhibit a strong wave of apoptosis in the sites of normal expression of Twist, 17 indicating that the ability of Twist to promote cell survival plays an important role in embryo development. 25 The crucial role of Twist in modulating diverse processes, including developmental apoptosis, raises the question of how Twist expression is itself regulated and whether defects in Twist regulatory machinery may be responsible for the aberrant accumulation observed in human cancers.
Little is known about the mechanisms that govern Twist expression in vertebrates. In developing mice, Twist mRNA expression is limited to a restricted window of 4 days, between days 8.5 and 11.5. In particular, Twist expression can be uniformly detected in early somites but it is rapidly shut off in the differentiating myotome, as myogenic regulatory factors are upregulated. 26 A sharp and strictly timed induction of Twist mRNA is observed also in adult regenerating muscle, where, again, it precedes the peak of myogenic factors. 11 Taken together, these data support the existence of fine mechanisms of transcriptional control of Twist expression in both the embryo and the adult. Indeed, Twist induction has been connected to a number of pathways, including FGF-and BMP-regulated signaling 26 and recent data point a key role for the NF-kB pathway in Twist control. 22 However, a comparative analysis in early mouse embryos revealed discrepancies between Twist mRNA and Twist protein expression profiles. 5 In fact, while Twist mRNA is detectable in the mesoderm of gastrulating embryo and in mesodermal derivatives of organogenesis-stage embryo (presomitic mesoderm, somites, cranial mesenchyme, limb buds and sutural tissues of the skull), the Twist protein is absent in these structures. Discrepancies between Twist protein and corresponding mRNA have been observed also in a relevant fraction of human tumors (R Maestro and C Doglioni, unpublished). On the whole, these results suggest that, in addition to a tight transcriptional control, Twist expression may be regulated also at a post-transcriptional level.
The clarification of Twist regulation could help in understanding its role in development and differentiation, but also provide important insights into the mechanisms of Twist activation in human cancer.
Here we describe that the Twist protein undergoes posttranscriptional regulation. In particular, we demonstrate that Twist is target of caspase cleavage during apoptosis and that Twist processing by caspases results in ubiquitination and proteasome-mediated degradation, providing evidence for the existence of new mechanisms for Twist regulation.
Results

Twist is degraded in vivo during apoptosis
Mouse embryo fibroblasts transformed by E1A and HaRasV12 oncogenes (E1A/Ras MEF) are highly susceptible to p53-induced apoptosis. 27 The ectopic expression of Twist efficiently reduces the penetrance of the apoptotic phenotype in these cells, although intense or prolonged apoptotic stimuli can overcome the Twist protective effect. 18 To determine whether this partial protective phenotype was due to changes in Twist expression during programmed cell death, E1A/Ras MEF infected with a retroviral vector driving the expression of a Myc-tagged mouse Twist cDNA were induced to apoptose by either growth factor deprivation (24 and 48 h) or treatment with DNA damage-inducing agents (adriamycin, 0.5 mg/ml for 3 and 8 h). Both stimuli are well-known triggers of p53-mediated apoptosis in this experimental system. 27 As shown in Figure 1a , induction of apoptosis results in a dramatic reduction of Twist protein expression. In control, untreated cells, Twist is expressed at high levels, decreases after a 3 h induction of apoptosis (adriamycin) and is barely detectable after 8 h. In contrast, Twist mRNA levels, both ectopic and endogenous, remained unaltered under the same experimental conditions (Figure 1b) . Same results were obtained in Balb/C 3T3 fibroblasts and U2OS human osteosarcoma cells The Twist protein undergoes degradation during apoptosis. (a) E1A/Ras MEF infected with a retroviral vector driving the expression of Myc-Twist were induced to apoptose by adriamycin treatment (0.5 mg/ml for 3 and 8 h). Cell lysates were resolved on 10% SDS-PAGE and analyzed for Twist expression by Western blot using an anti-Myc antibody. Expression of a-tubulin was used as a loading control. (b) Northern blot analysis confirmed that downregulation of Twist occurred selectively at the protein level. E1A/Ras MEF infected with either a retroviral vector encoding for an irrelevant control gene (LacZ) or Myc-Twist, before (À) and after ( þ ) apoptotic stress (adriamycin, 0.5 mg/ml for 8 h), are shown. The blot was first incubated with a Twist-specific probe and then reprobed for b-actin to verify equal loading. The mouse Twist probe recognized both the ectopic and the endogenous Twist transcripts. (c) Downregulation of the Twist protein in the course of apoptosis was confirmed also on the endogenous protein. E1A/Ras BJ and E1A IMR90 human fibroblasts were subjected to apoptotic stress (cisplatin, 100 mM for 24 h) and analyzed for protein levels by Western blot with an anti-human Twist polyclonal serum (upper panels) and for Twist mRNA levels by RT-PCR (lower panels). Western blot and RT-PCR analyses were normalized for the expression of a-tubulin and b-actin, respectively engineered to express Twist (data not shown). This apoptosis-associated protein downregulation seemed a peculiar feature of Twist, since protein levels of other cDNAs cloned in the same retroviral vector were unaffected under analogous experimental conditions (not shown).
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To confirm these observations on the endogenous Twist protein, we raised a polyclonal serum specific for human Twist and tested it against in vitro-transformed human fibroblasts. E1A/Ras-transformed BJ (E1A/Ras BJ) and E1A-transformed IMR-90 (E1A IMR90) human fibroblasts were induced to apoptose by different apoptotic stimuli. In both human fibroblast strains, induction of apoptosis eventually resulted in Twist protein downregulation, in the absence of evident changes in Twist mRNA expression levels (Figure 1c) . Again, the expression of other endogenous proteins such as a-actin, a-tubulin or fra1 remained unaltered in the same experimental assay.
On the whole, these data indicated that the Twist protein undergoes degradation in the course of apoptosis and supported the existence of mechanisms of post-transcriptional regulation for Twist.
Twist undergoes caspase-mediated cleavage in vitro
The observation of a downregulation of the Twist protein in the course of apoptosis prompted us to find a possible link between effectors of cell death and Twist breakdown. An in silico analysis revealed that Twist contains a putative caspase 3/7 consensus site (DELD) between amino acids (aa) 170 and 173 (aa 166-169 in the human homolog), which is conserved throughout evolution (Figure 2 ). Caspases are cysteine proteases, which play a critical role in the apoptotic response. [28] [29] [30] In particular, caspases 3 and 7 are responsible for triggering cell fragmentation through the cleavage of selected death substrates containing the common consensus sequence DExD, where x is any amino acid. [31] [32] [33] To ascertain whether Twist putative caspase 3/7 consensus site was actually a substrate for caspase proteolysis during apoptosis, we performed an in vitro cleavage assay by incubating in vitrotranslated Myc-Twist with cell lysates obtained from E1A/Ras MEF induced to apoptose by treatment with adriamycin (0.5 mg/ml for 16 h). The reaction was carried out for 2 and 6 h at 371C, and the mixture was then subjected to SDS-PAGE. As shown in Figure 2a . 31 To verify that the putative caspase 3/7 recognition site was actually target of cleavage, the aspartic residue 173 was replaced with an alanine ( 170 DELA 173 ). As shown in Figure 2c , the D173A mutant was clearly refractory to the cleavage by E1A/Ras MEF apoptotic lysates, even after 6 h of incubation.
These data confirmed that Twist is susceptible to caspasemediated cleavage at the DELD motif and that the presence of an aspartate in position 173 is key for this processing.
It has been recently shown that active caspase 3, but not caspase 7, translocates from the cytoplasm to the nucleus during apoptosis, providing evidence on how caspase 3 may have access to its nuclear targets. 34 On this ground, being Twist a nuclear protein, an in vitro proteolytic assay with recombinant active caspase 3 was performed to ascertain the role of this effector caspase in Twist cleavage. As shown in Figure 3a , incubation of in vitro-translated Twist with active caspase 3 resulted in Twist processing. Twist cleavage was prevented by caspase 3-specific inhibitor DEVD-CHO. In vitro-translated caspase 2 was used as a positive control for caspase 3 activity. No processing was observed when in vitrotranslated Twist was incubated with active caspase 2 (data not shown).
To further provide insights into the role of caspase 3 in Twist proteolysis, we took advantage of MCF-7 cells, which do not express caspase 3. 35 Twist cleavage was impaired after incubation with apoptotic lysates from naive MCF-7 cells, whereas it was readily detectable after incubation with apoptotic lysates from MCF-7 cells that were engineered to ectopically express caspase 3 (MCF-7/caspase 3) (Figure 3b ). Taken together, these data support a role for caspase 3 in Twist processing during apoptosis.
Twist is processed by caspases during apoptosis
To assess the role of caspase-mediated processing in Twist protein turnover, E1A-transformed IMR-90 cells were subjected to apoptotic stress (cisplatin, 100 mM for 24 h) in the presence/absence of caspase inhibitor Z-VAD-FMK (Z-ValAla-Asp(OCH 3 )-FMK) or Z-DEVD-FMK (100 mM for 25 h). As shown in Figure 4a , interference with caspase activity prevented, at least in part, endogenous Twist downregulation. To get better insights into the role of caspase-mediated proteolysis of Twist during apoptosis, we took advantage of E1A-transformed IMR-90 cells engineered to express a dominant-negative mutant of caspase 9 (DN Casp9 E1A IMR90). In these cells, the expression of an inactive form of caspase 9 causes the block of the caspase cascade at the level of caspase 9/APAF interaction. As a result, activation of effector caspase 3/7, normally operated by caspase 9, is hampered. 36 As shown in Figure 4b , interference with caspase 9 activity significantly prevented apoptosis-induced degradation of endogenous Twist, indicating that Twist downregulation in this context requires an intact caspase cascade.
To further confirm the role of caspase-mediated processing in Twist downregulation, we tested whether the Twist protein actually underwent caspase-mediated cleavage in vivo. For this purpose, we took advantage of tagged Twist constructs where the presence of the Myc epitope repeated six times (6xMyc tag) allowed the detection of Twist processing at a very high sensitivity. E1A/Ras MEF cells engineered to express either wild-type Twist or the D173A Twist mutant were induced to apoptose under different apoptotic conditions and cell lysates were analyzed by Western blot with anti-Myc antibody. We found that wild-type Twist cleavage was detectable within a narrow window of observation (adriamycin, 0.25 mg/ml for 11 h), after which the Twist protein was rapidly degraded (Figure 4c ). In contrast, no processing occurred for the D173A Twist mutant in any apoptotic condition tested, despite a strong caspase cascade activation, as revealed by poly(ADP-ribose) polymerase (PARP) cleavage.
Resistance of D173A mutant to cleavage was associated with increased protection from apoptosis. In fact, D173A Twist-infected cells displayed a reduced penetrance of the apoptotic phenotype in response to different apoptotic stimuli when compared to wild-type Twist-infected cells, as indicated by a decreased fraction of annexin-V-reactive cells, a reduced number of apoptotic nuclei ( Figure 4d ) and an increased cell viability (Figure 4e ).
The Twist protein undergoes proteasomemediated degradation during apoptosis
To get insights into the biological consequences of caspasemediated proteolysis of Twist, we generated a series of C-terminus-truncated mutants, DC-Twist (Q168 stop), DC1-Twist (C179 stop) and DC2-Twist (V193 stop). The stop codon introduced in DC-Twist and DC1-Twist flanks the putative caspase recognition site (codon 170-173). Therefore, these two mutants encode for a protein roughly corresponding to the N-terminus peptide generated following caspase cleavage. E1A/Ras MEF infected with retroviral vectors driving the expression of full-length Twist and Twist truncation mutants were then analyzed by Western blot under normal growth conditions. As shown in Figure 5a , deletion of the C-terminus affected protein stability: despite the presence of high levels of the corresponding mRNA (data not shown), the DC-Twist protein was almost undetectable, while DC1-Twist and DC2-Twist showed intermediate levels of expression. Similarly, also the Twist 172-206 mutant, corresponding to the Cterminus 3 kDa peptide generated following caspase cleavage, encoded a highly unstable protein (data not shown). These results suggest that the C-terminus is key for protein stability and that caspase-mediated cleavage of Twist triggers a process that culminates in degradation.
The ubiquitin/proteasome pathway is the major nonlysosomal route for intracellular protein degradation in eucaryotes. Although the relationship between proteasome and apoptosis has been only marginally defined, over the last years evidence has accumulated that modulation in the expression and activity of the various components of the ubiquitin/proteasome system occurs during apoptosis. [37] [38] [39] To verify whether the impaired stability of truncated mutants was at least in part due to proteasome-mediated degradation, cells were incubated with the proteasome inhibitor LLnL (N-acetyl-Leu-Leu-NorleuAl; 50 mM for 2 h). While the amount of full-length Twist was 35 S-labeled in vitro-translated Myc-Twist was incubated with apoptotic cell lysates (adriamycin, 2 mg/ml for 24 h) from naive MCF-7 cells or MCF-7 cells engineered to express caspase 3 (MCF-7/caspase 3). No cleavage of in vitro-translated Twist was detectable after 6 h incubation with apoptotic lysates from naive, caspase 3-deficient MCF-7 cells. Cleavage became evident only after incubation with apoptotic lysates from MCF-7/caspase 3 cells, in which the expression of caspase 3 was restored by transient transfection essentially unaffected by LLnL, the same treatment stabilized the DC-Twist mutant, which was eventually detectable by Western blot (Figure 5b) .
To clarify the role of proteasome in Twist breakdown during apoptosis, cells were subjected to apoptotic stress in the presence of the proteasome inhibitor LLnL. As shown in Figure 5c , a short treatment of the apoptotic cells with LLnL (50 mM for 90 min) allowed the transient stabilization and visualization of the major cleavage fragment (40 kDa), indicating that proteasome-mediated degradation plays an important role in Twist turnover during programmed cell death.
Ubiquitination is the most common mechanism of protein targeting for proteasome-mediated degradation. [40] [41] [42] [43] [44] To test the possibility that the Twist protein was a target of ubiquitination, lysates of E1A IMR90 cells, treated with the proteasome inhibitor LLnL (120 mM for 10 h), were analyzed by Western blot with an anti-human Twist polyclonal serum. The molecular weight of Twist is about 23 kDa, while ubiquitin is about 8.5 kDa. The appearance of a faint anti-Twist reactive band of about 32 kDa after inhibition of proteasomes supported this hypothesis (Figure 6a ). To ascertain whether Twist was actually ubiquitinated, we performed an in vivo ubiquitination assay using hexahistidine-tagged Twist as a substrate. Mouse His 6 -Twist constructs (carrying a 6xHis/Myc tag fused to either the C-or N-terminus of mouse Twist) were cotransfected in HEK293T cells, together with a vector encoding HA-ubiquitin. 45 At 24 h post-transfection, cells were lysed in denaturing conditions to prevent deubiquitination and degradation of protein-ubiquitin conjugates. His 6 /Myc-Twist Post-transcriptional regulation of Twist S Demontis et al was purified from cell lysates by Ni-NTA (nickel-nitrilotriacetic acid) chromatography, resolved on SDS-PAGE and probed with anti-HA and anti-Myc. As shown in Figure 6b , cotransfection of HA-ubiquitin together with Twist resulted in the appearance of a ladder, where each band had the apparent molecular mass predicted for His 6 /Myc-Twist ubiquitin conjugates. The ladder was detectable with either forms of His 6 / Myc-tagged Twist (N-and C-terminus), whereas it was undetectable in the absence of HA-ubiquitin. On the whole, these data indicated that Twist is substrate of ubiquitination in vivo. Moreover, the fact that these experiments were conducted in the absence of apoptotic stimuli, together with the observation that also the D173A mutant was susceptible to ubiquitin conjugation (data not shown), supports the notion that ubiquitination may play a more general role in the regulation of Twist turnover, regardless of caspase activation, and that caspase-mediated cleavage may boost this phenomenon. Two ubiquitin/proteasome pathways are described: an Nterminus-dependent pathway and a lysine-dependent pathway. The pathways are characterized by the site of initial ubiquitination of the protein, the N-terminus or an internal lysine, respectively. 46 The fact that both N-and C-terminustagged Twist proteins were susceptible to ubiquitination ruled out the N-terminus pathway. Twist has 10 internal lysine residues, which could be the potential targets for the lysinedependent pathway. To map which of these residues were essential for ubiquitination, we constructed several deletion mutants lacking specific internal lysines (Figure 6c and d) . Cotransfection experiments with HA-ubiquitin showed that all mutants, irrespective of the lysine residue deleted, underwent ubiquitination (Figure 6c and d) . This indicates that no specific lysine is essential for Twist ubiquitination and that Twist, similar to other transcription factors, [45] [46] [47] has probably multiple internal sites of ubiquitination.
Discussion
The commitment of a cell to mitosis, differentiation, senescence or death implies the orchestration of multiple signal transduction pathways, and spatio-temporal control of gene expression is one of the most delicate processes in eucaryote development. Twist is a nuclear protein involved in mesoderm determination and recent data indicate that Twist is involved also in apoptosis and tumorigenesis. [18] [19] [20] [21] [22] [23] Little is known about the pathways that govern Twist activation and how Twist expression is regulated. Although a number of evidence support a strict transcriptional control of Twist expression, a comparative expression analysis in both embryo and adult tissues revealed that Twist mRNA and Twist protein expression patterns do not always perfectly match, 5 pointing to the existence of post-transcriptional mechanisms of Twist regulation.
The observation that Twist protein levels dramatically decreased during programmed cell death prompted us to investigate a possible link between Twist breakdown and apoptotic machinery. In searching for key motifs in the Twist sequence, we were struck by the finding of a putative caspase 3/7 recognition site at the C-terminus of the Twist protein. We provided evidence that the DELD motif at position 170-173 of the Twist protein was recognized as a cleavage site by caspase 3 in vitro and that caspase-mediated cleavage of Twist actually occurs in vivo during apoptosis.
Twist maintains its nuclear localization during apoptosis, as revealed by fluorescence microscopy analyses of GFP-Twist constructs and nuclear and cytoplasmic fractionations of apoptotic cells (data not shown). Kamada et al. 34 have recently demonstrated that active caspase 3, but not caspase 7, translocates from the cytoplasm to the nucleus during apoptosis, providing evidence on how caspase 3 has access to its numerous nuclear targets. Thus, Twist, similar to other transcription factors, is likely to be processed by caspase 3 directly in the nuclear compartment.
Caspase-mediated cleavage may result in either substrate activation, such as in the case of caspases themselves, or in protein inactivation, such as in the case of several negative regulators of apoptosis. 48 We have shown that caspasemediated proteolysis results in Twist inactivation. In fact, the fragment generated, lacking the last 33 aa, is highly unstable and undergoes degradation, in particular proteasomemediated degradation. This was also confirmed by the analysis of a number of truncation mutants, including a mutation detected in Saethre-Chotzen patients. 49 Abrogation of the putative caspase recognition site resulted in Twist resistance to degradation and enhanced protection toward apoptosis. Taken together, our results indicate that the proteolytic cleavage of Twist in the course of apoptosis functions as a destabilizing process that culminates in protein degradation, and suggest that caspase-mediated cleavage plays a role in spatio-temporal control of the antiapoptotic activity of Twist.
Twist breakdown in the course of apoptosis could be prevented in part by treatment with proteasome inhibitors, indicating that Twist undergoes proteasome-mediated degradation. We then provided evidence that Twist is actually a target of ubiquitination in vivo and that ubiquitination of Twist occurs as a widespread phenomenon, since no single lysine is essential for its ubiquitin conjugation. Our data support the notion that, similar to other short-lived transcription factors, Twist levels are likely maintained at appropriate spatiotemporal levels by targeted ubiquitination and degradation via the proteasome pathway, 44, 46, [50] [51] [52] and that during apoptosis this phenomenon may be boosted as a result of caspase cleavage.
Numerous reports support a link between the ubiquitin/ proteasome pathway and apoptosis. Many molecules involved in cell cycle control and apoptosis, such as p53, IAPs and certain bcl-2 family members, 50, 53, 54 undergo ubiquitinmediated degradation. Moreover, a number of mediators of survival pathways have been shown to be turned off as a consequence of caspase-dependent cleavage. 48 Here we report a situation where caspase-mediated cleavage generates an unstable protein that rapidly undergoes proteasomemediated degradation, providing a direct link between the two proteolytic systems during apoptosis.
Besides apoptosis, it is likely that caspase-mediated cleavage may play an important role in the regulation of Twist expression also during tissue determination and embryo morphogenesis. An increasing body of evidence points to nonapoptotic functions of caspases in the control of cellular proliferation and differentiation, and it has been suggested that in some instances cell determination might be seen as a kind of 'incomplete apoptosis'. 55 In fact, differentiation of erythrocytes, megakaryocytes and macrophages all involve caspase activation and proteolytic cleavage of specific substrates. [56] [57] [58] [59] Caspase activation is required also for the differentiation of muscle and bone and, consistently, caspase 3-deficient mice show a dramatic reduction in muscle mass. 60, 61 Twist has been shown to inhibit both myogenic and osteogenic differentiation and, in fact, in mouse embryo the activation of these differentiation programs is associated with Twist turn off. The intriguing parallel between Twist downregulation and caspase activation in differentiating mesodermal structures suggests a role for a caspasemediated tuning of Twist in terminal differentiation. This is reminiscent of what was recently reported about another member of the bHLH family of transcription factors, SCL/Tal-1, which regulates hematopoietic cell survival and differentiation through a caspase-mediated process. 62, 63 Finally, the Twist protein has been reported to be accumulated in sarcomas, lymphomas and certain types of carcinomas, [18] [19] [20] while unstable forms of Twist have often been detected in Saethre-Chotzen patients. 49 In both instances, the biochemical bases for the altered expression of Twist are presently unknown. Our data outline the possibility that defects in post-transcriptional regulation of Twist may play a role in human tumorigenesis and developmental diseases.
In summary, we have provided evidence of post-transcriptional regulation of Twist. We have shown that Twist undergoes proteasome degradation and that this phenomenon is boosted during apoptosis as a result of caspase-mediated cleavage, providing an intriguing link between the two proteolytic pathways. Finally, our findings raise the possibility that Twist processing by caspases may be involved also in tissue determination and that alterations of Twist turnover may account for aberrant expression of Twist observed in human tumors.
Materials and Methods
Cells and reagents
E1A/Ras MEF, 27 E1A IMR90, 64 DN Casp9/E1A IMR90, 64 U2OS, MCF-7, HEK293T and LinX A 18 cells were maintained in 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% of fetal bovine serum (GIBCO-BRL). Balb/C 3T3 cells were grown in DMEM (GIBCO-BRL) supplemented with 10% calf serum (GIBCO-BRL). E1A/Ras BJ 65 were grown in advanced MEM (GIBCO-BRL) plus 2% fetal bovine serum (GIBCO-BRL).
A standard calcium phosphate precipitation protocol was used for transfection of HEK293T and the packaging cell line LinX A, while MCF-7 cells were transfected using the FuGene 6 transfection reagent (Roche Molecular Biochemicals). Retroviral infections were performed as described previously. 
Plasmids
All Twist constructs used in this study are either Myc or FLAG tagged. Fulllength pCS2 mouse Myc-Twist, containing a 6xMyc epitope at the Nterminus of the protein, was a kind gift from Andrew Lassar. FLAG-Twist was generated by cloning the rat Twist cDNA 18 in the pCMV FLAG vector (Stratagene). His 6 -Myc-Twist contains both a 6xHis and a 6xMyc tag at the N-terminus of Twist cDNA and was obtained by subcloning the mouse Myc-Twist cDNA into a pCDNA3 expression plasmid containing a His 6 Nterminal tag. Twist-Myc-His 6 contains both a 6xHis and a Myc tag at the Cterminus of Twist cDNA and was generated by subcloning the mouse Twist cDNA into the pCDNA3.1 Myc/His 6 plasmid (Invitrogen). pCMV HAUbi, encoding for an HA-tagged ubiquitin, was a kind gift from Dirk Bohmann. pEGFP-caspase 3 was generated by subcloning caspase 3 cDNA into the pEGFP C1 vector (Clontech). All Twist mutants described in this study were generated by site-directed mutagenesis (QuikChange TM Site Directed Mutagenesis Kit, Stratagene) and checked by sequencing. For retroviral infections, Myc-Twist full-length and derived mutants were subcloned into pBABE Puro retroviral vector. 18 pBABE Puro LacZ, encoding an irrelevant gene (LacZ), was used as a control.
Immunoblots
Cells were collected and lysed in RIPA buffer (0.5% Na desoxycholate, 0.5% NP-40, 0.05% SDS in phosphate-buffered saline (PBS)) supplemented with protease inhibitor cocktail (Complete, Roche Molecular Biochemicals). Protein content was determined using the Bradford assay. The cell lysates (50 mg, unless differently specified) were subjected to SDS-PAGE, transferred onto Protran nitrocellulose membrane (Schleicher & Shuell) and probed with different antibodies. The antibodies used included anti-Myc (Oncogene Science) to detect the expression of MycTwist constructs, anti-HA (Roche Molecular Biochemicals) to detect the HA-ubiquitin conjugates, anti-PARP antibody (Chemicon International) to monitor PARP cleavage and anti-a-tubulin (Oncogene Science) for protein normalization. Human Twist was detected with rabbit polyclonal, affinitypurified antibodies raised against a synthetic keyhole limpet hemocyanin (KLH)-conjugated peptide homologous to the N-terminus of human Twist (aa 24-35, PDRQQPPSGKRGC). Blots were developed with the enhanced chemiluminescence immunodetection system (Amersham).
Northern blot and semiquantitative RT-PCR analysis
Total RNA was extracted using the Trizol reagent (GIBCO-BRL) according to the manufacturer's instructions. Northern blot analysis was performed as described. 18 Blots were hybridized with a 32 P-dCTP-labeled mouse Twist-specific probe. A b-actin probe was used to confirm equal loading.
For human Twist RNA expression analysis, a semiquantitative RT-PCR was performed on cDNAs synthesized from 1 mg of total RNA using random hexamers (Pharmacia Biosciences) and AMV reverse transcriptase (Promega) in a 20 ml reaction, as described previously. 66 PCR was performed in a final volume of 50 ml in the presence of 1/20th of cDNA reaction, 25 pmol of each primer, 200 mmol/l dNTPs, 1.5 mmol/l MgCl 2 and 2 U of Taq DNA polymerase (Promega). The following primers were used:
0 . For Twist mRNA quantitation, 25, 35 and 45 cycles of PCR reactions were compared to a 25-cycle b-actin PCR. PCR conditions were as follows: one step of 951C for 5 min, followed by cycles of 30 s at 941C, 30 s at 551C, 30 s at 701C as specified. PCR were resolved onto 2.5% agarose gels.
In vitro caspase cleavage assay
In vitro caspase cleavage assay was performed according to Chen et al. 67 with minor modifications. Briefly, full length and D173A Twist mutant, cloned into pCS2 vector, were in vitro translated with [ 35 S]methionine using the TNT transcription/translation system (Promega). A 5 ml portion of in vitro-translated Twist was incubated for different durations (from 1 to 16 h) at 371C with 80 mg of apoptotic cell lysates in a buffer containing presence or absence of 1 mM Z-DEVD-FMK. The reaction mixture was then loaded onto a 15% SDS-polyacrylamide gel. Apoptotic cell lysates were obtained by treating E1A/Ras MEF with 0.5 mg/ml of adriamycin for 16 h, or by treating MCF-7 and derivative MCF-7/caspase 3 cells with 2 mg/ ml adriamycin for 24 h. Cells were lysed in a buffer containing 10 mM Hepes/KOH pH 7.9, 0.1% CHAPS, 2 mM EDTA, 5 mM DTT and 1 mM PMSF. For in vitro caspase cleavage assay, either 1 ml of in vitrotranslated Myc-Twist or in vitro-translated caspase 2 was incubated with 0.1 ng of recombinant caspase 3 in a buffer containing 50 mM PIPES pH 6.5, 1 mM EDTA, 1 mM PMSF and 1 mM DTT for 1 h at 371C. Ac-DEVD-CHO was added where indicated at a concentration of 2 mM. The reaction was terminated by adding one volume of 2 Â Laemmli buffer and boiling for 3 min. Gels were then dried and exposed to X-ray films (Kodak). 64 In vivo caspase cleavage assay E1A/Ras MEF were engineered to express Myc-Twist (either full length or D173A mutant) following retroviral infection with a pBABE Puro Myc-Twist construct. A pBABE Puro LacZ vector, driving the expression of the LacZ irrelevant gene, was used as a control. Cells were induced to apoptose by treatment with adriamycin (0.25 mg/ml). After 11 h, cells were collected by scraping in ice-cold PBS and split in two aliquots. For Twist analysis, cell pellets were directly lysed in Laemmli buffer. For the detection of PARP cleavage, pellets were lysed in a buffer containing 50 mM Tris-HCl pH 6.8, 6 M urea, 6% 2-mercaptoethanol, 3% SDS and 0.003% bromophenol blue, followed by sonication. Cell lysates (100 mg) were resolved by SDS-PAGE (15% for Twist and 7.5% for PARP).
Apoptosis in E1A/Ras MEF cells
Protection from apoptosis by Twist and by the D173A mutant in E1A/Ras MEF was evaluated using three independent assays. Annexin-V binding to phosphatidylserine allowed the recognition of early phases of apoptosis and was performed using the annexin-V-FLUOS staining kit (Roche Molecular Biochemicals) according to the manufacturer's instruction. Hoechst 33342 staining of apoptotic nuclei and the Trypan blue exclusion test to assess cell viability were performed as described previously. 18 Briefly, for annexin-V labeling and Hoechst 33342 staining, E1A/Ras MEF, engineered to express Myc-tagged wild-type Twist, the D173 A mutant or the control gene LacZ, were plated at low density on acid-treated coverslips. At 24 h after plating, apoptosis was triggered by treatment with either 0.1 or 0.2 mg/ml adriamycin. At 16 h after induction, slides were stained with the annexin-V-FLUOS labeling solution in the presence of 4 mg/ml of the Hoechst 33342 nuclear dye for 15 min and then mounted. At least 50 fields/slide were analyzed. Data are reported as percentage of adherent cells reactive for annexin-V and percentage of nuclei showing peripheral condensation and blebbing into apoptotic bodies. For Trypan blue exclusion test, cells were seeded into 6 cm plates (3 Â 10 5 cells/plate) 24 h prior to induction of apoptosis. At 24 and 48 h after treatment with adriamycin (0.1 mg/ml), adherent and nonadherent cells were pooled, stained with Trypan blue and counted under a microscope. Survival was expressed as number of viable cells Â 100/ number of cells plated.
In vivo ubiquitination assay
A total of 20 mg DNA per 10 cm dish (4 mg of pCDNA3 His 6 -Myc-Twist or pCDNA3.1 Twist-Myc-His 6 constructs plus 3 mg pCMV HA-Ubi and 13 mg carrier DNA) was transfected in HEK293T cells by the calcium phosphate method. At 24 h after transfection, cells were collected and His 6 protein purification was performed as described. 68 Briefly, cells were lysed in 2 ml of 6 M guanidium-HCl, 0.1 M Na 2 HPO 4 /NaH 2 PO 4 (pH 8.0) plus 5 mM imidazole. Lysates were mixed with 0.2 ml of 50% slurry Ni-NTA agarose (Qiagen) and incubated for 4 h at room temperature on a rotator. The slurries were applied to a Bio-Rad Econo-column and washed as described. Proteins were eluted in a protein elution buffer (50 mM Na 2 HPO 4 /NaH 2 PO 4 (pH 8.0), 100 mM KCl, 0.2% NP-40, 20% glycerol) supplemented with 200 mM imidazole. Eluates were then TCA precipitated and resolved on SDS-PAGE. Immunoblotting was performed with anti-HA and anti-Myc antibodies.
